Collective dynamics is a behavior of living systems that can improve their survivability in harsh and complex environments. Towards improving the vulnerability of engineering systems against power-source limitations, we focused on an oscillatory-growth dynamics of Bacillus subtilis biofilms. We developed a minimal reaction-diffusion model that captures the essence of the bacterial growth, nutrient consumption and electrical signalling. Numerical simulation of the model successfully recapitulated the oscillatory dynamics of bacterial biofilms. Thus, our model provides a first step forward towards designing biofilm-inspired engineering systems such as swarm robots and power supply networks.
Collective dynamics enables a variety of living systems to survive under unpredictable and complex natural environments where available food sources are limited (Carter and Wilkinson (2015) ). Such collective dynamics could offer excellent novel bio-inspired designs to improve the survivability of engineering systems. To this end, we argue that extracting simple and abstracted mathematical structure underlying the collective dynamics is important for developing robust engineering systems that can survive in severe and unpredictable environments.
We focus on the oscillatory expansion of biofilm as a model case of collective dynamics. Biofilms are structured communities of microbes which can be found on almost any surfaces; e.g. a slime in the kitchen sink. It has been shown that B. subtilis biofilms can exhibit oscillatory dynamics of colony growth, which is coordinated by bacterial electrical signalling and a metabolic co-dependence between interior and peripheral cells Prindle et al., 2015) . Importantly, this collective growth oscillation improves the survivability of biofilms as a whole when exposed to antibacterial chemicals.
While the models proposed in the previous studies well describe the physiological processes of electrical signalling or growth oscillation Prindle et al., 2015) , designing engineering systems based on these findings requires further integration and simplification of the core design principle of biofilm collective dynamics. In this study, we developed a unified mathematical framework that accounts for both biofilm growth oscillation and electrical signalling, using simple reaction-diffusion equations (Turing (1990) ).
Based on the findings of the previous literature Prindle et al., 2015) , we considered three key elements of the biofilm oscillation: namely, bacterial density v(r, t), nutrient u(r, t) and electrical signal z(r, t). Electrical signalling is mediated by potassium waves, which depolarize cells and consequently suppress the nutrient uptake . We simplified the model by not distinguishing the biofilm-interior cells from the peripheral cells. Since the biofilm dynamics appeared symmetric to all radial directions , we simulated the model in onedimensional environment. The time evolutions of each elements are described by reaction-diffusion equations as follows:
where k v , k u , k z , k f , k 1 , k 2 , k vz , k h , α, and β are positive constants, D v , D u , and D z denote the diffusion coefficients, u in denotes an external input. The function f denotes a sigmoid-function f (x) = 1 1+e −x . The first and second terms of Eq.(1)-(3) denote the decay and diffusion, respectively. The third term in Eq.(1) represents the bacterial activities to uptake nutrients from their external environments. This becomes larger with greater nutrient availability u(r, t) and larger cell density v(r, t). Electrical signalling, z(r, t), has an opposite impact to this term: larger z give rise to smaller values. The fourth term of Eq.(2) shows u(r, t) decreases due to the uptake of nutrient by cells. The third term of Eq.
(3) represents that bacterial cells efflux potassium ions under starvation (lower u(r, t)).
The simulation was performed under the following initial 
where v 0 , s 0 , and u 0 are positive constants. The simulation space was bounded at r = ±r 0 , and the Neumann boundary condition was used. To mimic the experimental condition in the previous work , an external source of nutrient is given at both ends of the simulation space.
where u 1 is a positive constant. The parameter values employed in the simulation were k v = 0.01, k u = 0.1, k z = 10, k f = 5.5, k 1 = 100, k 2 = 90, k vz = 5.5, k h = 300, α = β = 2.1, D v = 10, D u = 4000, D z = 5000, v 0 = 50, u 0 = 10, s 0 = 10, r 0 = 300, u 1 = 300, and dt = 0.000001. Fig.1(a) shows spatio-temporal plots of u(r, t). v(r, t) and the low value area of u(r, t) expand synergistically, and exhibit an oscillation (movie: https://youtu.be/1Y_ cp_rwEFI). An enlarged view of cell density over space and time ( Fig. 1(b) ) clarifies the oscillation: the expansion periodically halts (indicated by black arrows). These results demonstrate that our mathematical model successfully recapitulated the biofilm oscillatory expansion. Note that the oscillation disappeared when parameters changed. For example, when k f is large/small, the nutrition u remained small/large and does not oscillate.
The plot of u(r, t) in Fig.1(b) showed that the nutrients diffuse into the biofilm as the biofilm edge stops expanding. This result can be explained by the following mechanism. Biofilm expands as bacterial cell density increases by consuming nutrients. This results in nutrient depletion in interiors, which triggers the electrical signalling that inhibits the nutrient uptake. When the electrical signal diffuses and reaches to the periphery, the peripheral cells stop taking up nutrient, which allows the diffusion of nutrient to the interior. The interior cells which get nutrient stop the electrical signalling and the signal disperses gradually. Then, the biofilm expands again. This process well agrees with the mechanism proposed in the previous works Prindle et al., 2015) ; thus, our model well captures the essence of biofilm oscillation.
In conclusion, we proposed a simple mathematical framework that captures both biofilm oscillation and electrical signalling. The key of the proposed model is that individuals exposed to nutrient depletion emit signals so that other individuals relieve the situation by refraining from taking up nutrients. The mathematical framework for this altruistic strategy marks an important step towards designing highly survivable engineering systems, beyond biofilms. We believe that this study may lead to new control schemes for various engineering systems such as swarm robotics (Barca and Sekercioglu, 2013) and power supply networks (Kantamneni et al., 2015) .
